this protocol describes how to perform western blotting on individual cells to measure cell-to-cell variation in protein expression levels and protein state. like conventional western blotting, single-cell western blotting (scWB) is particularly useful for protein targets that lack selective antibodies (e.g., isoforms) and in cases in which background signal from intact cells is confounding. scWB is performed on a microdevice that comprises an array of microwells molded in a thin layer of a polyacrylamide gel (paG). the gel layer functions as both a molecular sieving matrix during paGe and a blotting scaffold during immunoprobing. scWB involves five main stages: (i) gravity settling of cells into microwells; (ii) chemical lysis of cells in each microwell; (iii) paGe of each single-cell lysate; (iv) exposure of the gel to uV light to blot (immobilize) proteins to the gel matrix; and (v) in-gel immunoprobing of immobilized proteins. Multiplexing can be achieved by probing with antibody cocktails and using antibody stripping/reprobing techniques, enabling detection of 10+ proteins in each cell. We also describe microdevice fabrication for both uniform and pore-gradient microgels. to extend in-gel immunoprobing to gels of small pore size, we describe an optional gel de-cross-linking protocol for more effective introduction of antibodies into the gel layer. once the microdevice has been fabricated, the assay can be completed in 4-6 h by microfluidic novices and it generates high-selectivity, multiplexed data from single cells. the technique is relevant when direct measurement of proteins in single cells is needed, with applications spanning the fundamental biosciences to applied biomedicine. Figure 1 | Single-cell western blotting (scWB) workflow and principles. Left panel: the fivestage assay uses a microwell with surrounding PAG, which acts as both a molecular sieving matrix during PAGE and a blotting scaffold after gel photoactivation. In-gel immunoprobing is performed in the molecular sieving matrix, with or without acid-labile de-cross-linking of the hydrogel. Right panel: design considerations include (Stage 1) optimization of the microwell geometry for single-cell occupancies. An optimal microwell aspect ratio (AR) allows settling of single cells into each microwell (AR ~1.3), whereas shallow microwells (AR ≤ 0.7) allow cells to wash out during the PBS washing step and deep microwells (AR ≥ 2) allow more than one cell to settle into each microwell. (Stage 2) The lysis time (t) is selected to strike a balance between diffusive lysate losses (t diffusion ) and protein solubilization (t solubilization ). At the top 2/3 of the microwell (dashed gray line) where the Peclet number (Pe) or ratio of convective to diffusive transport (Lu/D) is >1, the proteins are transported out of the microwell. Here, u is the velocity of the buffer over the microwell, D is the diffusivity of the protein and L is the microwell diameter. With t > t diffusion , protein diffusive loss may be observed. When t > t solubilization , insoluble protein does not enter the PAG, with the protein retained at the edge of the PAG microwell. (Stage 3) Optimization of the PAGE performance depends on the molecular mass of targets, sample preparation, PAGE duration (t separation ), PAG pore size and applied electric field strength. Unlike uniform-pore-size gels, the pore size of a pore-gradient microgel decreases from large to small along the separation axis. As with all protein assays, exact conditions must be empirically determined for each application.
IntroDuctIon
No two cells are the same. Cell-to-cell variation affects biological systems, from development 1 to stem cell biology 2 to cancer 3, 4 . Unfortunately, conventional bulk measurements mask the biology occurring in each individual cell 5 . Single-cell measurement techniques capture cell-to-cell variation, and microfluidic tools have a central role in bringing biochemical assays to single-cell resolution. The small device length scales and precision fluid control can maintain high local concentrations of single-cell lysates 6 . In particular, RNA sequencing and genotyping on ten to thousands of single cells is possible, owing to microwell arrays and pneumatic microfluidic valves that control RT-PCR 1, [7] [8] [9] [10] [11] . These tools are making contributions such as elucidating genome diversity and identifying mutations that occur during gametogenesis 1 . The study of events that occur at low frequency has also benefited 5 . Isolation of rare circulating tumor cells with micropillar arrays 12, 13 and RNA analysis in those cells offer the prospect of an enhanced cancer taxonomy for clinical medicine. Nevertheless, even with large strides in single-cell genomics and transcriptomics, nucleic acid expression levels do not always correlate with protein expression levels 14, 15 , which drive cell fate. Consequently, advances in single-cell proteomic assays will complement advances in nucleic acid and imaging assays. For a more in-depth treatment of microfluidic single-cell analyses-including signaling dynamics 16 and lineage tracing using microscopy 17 -we direct the reader to a recent review of these topics 6 .
Here we describe a single-cell resolution western blot assay with enhanced selectivity as compared with immunoassays 18, 19 , which rely on only antibody binding for detection [20] [21] [22] [23] . Performing a protein sizing (electrophoretic mobility) stage with a subsequent immunoassay stage can identify protein isoforms and off-target signals that are not discernible with immunoassays alone. scWB performs thousands of concurrent single-cell western blots on one microdevice within a 4-6 h workflow. scWB has been applied to studies ranging from stem cell differentiation 18 to variations in cancer cell responses 19 .
Development of the protocol
The scWB protocol presented here builds upon the efforts of our group to miniaturize western blotting assays for rapid, sensitive and selective quantitative analysis of protein expression 24 . The scWB assay leverages microfabrication techniques to pattern microwells that accommodate single cells in a thin PAG 18 . A key innovation is UV immobilization (blotting) of resolved proteins in the sieving gel 25 , thus maintaining high local protein concentrations for in-gel immunoprobing. Furthermore, photopatterning of hundreds to thousands of 1-mm-long pore-gradient microgels 26 extends scWB to analyses of wide molecular mass ranges 27 . We have characterized cell lysis, PAGE and immunoprobing performance of scWB 19, 28 , and critical insight from our findings is included throughout this protocol. scWB is designed to be an economical assay compatible with bench-top equipment commonly found in well-equipped life science laboratories and is adaptable to the needs of users seeking to directly assay proteins in single mammalian cells.
Overview of the procedure
The procedure begins with a step-by-step guide to scWB microdevice fabrication, including surface silanization of standard glass microscope slides and epoxy-based negative photoresist (SU-8) mold casting of microwells in a thin PAG layered on the glass microscope slide. Options are provided to create either a PAGE gel of uniform pore size, using chemical polymerization with an SU-8 silicon (Si) mold, or a PAGE gel of gradient pore size, using a grayscale photopatterning technique with an SU-8 glass mold. To facilitate in-gel immunoprobing of immobilized proteins with large antibodies, we also describe an alternative gel formulation that incorporates an acid-labile cross-linker chemistry 27 .
Once the microdevice has been fabricated, the scWB assay workflow comprises five stages ( Fig. 1) : sedimentation of cells, in-well chemical cell lysis and protein solubilization, PAGE of each cell lysate, photoactivated protein immobilization and in-gel immunoprobing.
Sedimentation of cells.
Cells are settled into an array of microwells molded in a thin sheet of PAG layered on a microscope slide. As passive, gravity-based settling seats cells in microwells, the cell size distribution among a population can result in zero, one or multiple cells in each microwell 18 . Matching the dimensions of the microwell to the suspended cells reduces the likelihood of two cells occupying a single microwell after the wash cycles (Experimental design section). Using neural stem cells, we have achieved up to 46% single-cell occupancy 18 . The cell occupancy may not be a Poisson distribution because of size exclusion from the microwells 18 . Microwell occupancy can be correlated to housekeeping protein expression level by scWB 18 .
In-well chemical cell lysis and protein solubilization. Application of the lysis/electrophoresis buffer to the cell-laden microwells should be rapid to synchronize initiation of cell lysis across the entire array and so as to minimize diffusive losses of solubilized protein from the open microwells. Numerical modeling of the buffer pouring process (convective buffer addition) for a 30-µm-deep microwell reveals a recirculating flow in the top 2/3 of the microwell, which washes solubilized protein out of the microwells 18 . As demarcated by the dashed gray line in Figure 1 , this top region supports a Peclet number >1 (Pe = Lu/D, ratio of convective to diffusive transport), which suggests that convective flow dominates diffusion in this region. Here u is the velocity of the buffer over the microwell, D is the diffusivity of the protein and L is the microwell diameter. As described in the Experimental design section, optimization of this step yields sufficiently solubilized proteins while minimizing diffusive losses that can bring the final protein concentration below the limit of detection (LOD).
PAGE of each single-cell lysate into the gel surrounding each microwell. By adding a protein separation (PAGE) step before an immunoassay, the western blot reports distinct physicochemical properties (i.e., molecular mass, charge-to-mass ratio), as well as target recognition by antibody probe. Reporting two characteristics gives the western blot higher selectivity than that afforded by an immunoassay alone. At the most basic level, the PAGE separation spatially separates the target from the confounding background signal.
Photoactivated protein immobilization onto the PAG.
Rapid and efficient protein immobilization is required for suitable scWB performance. Photoactivated protein immobilization preserves the protein separation and reduces diffusional losses of protein from the gel and into the bulk buffer solution after electrophoresis. Protein immobilization relies on a UV-initiated hydrogen abstraction reaction to covalently bind proteins to a photoreactive N- (3-((4-benzoylphenyl) formamido)propyl) methacrylamide 29 (BPMAC) molecule in the PAG layer. Optimization of benzophenone incorporation and photoactivation is necessary, as described in the Experimental design section below.
In-gel immunoprobing. Immunoprobing of the PAG gel is performed by incubating the gel with solutions of primary antibodies and then with fluorescently labeled secondary antibodies. After incubation, the gel is incubated in a wash solution for >30 min to remove any antibody probes that are not bound to the covalently immobilized protein peaks 18 . At equilibrium, the concentration of probes in the gel layer is lower than that of probes in the solution phase, owing primarily to size-based exclusion of the probe from is the solution concentration of the antibody probe and K partition is the partition coefficient). We have estimated K partition as 0.17 for antibody probing in an 8%T, 2.6%C PAG (where %T is the total amount of acrylamide and %C is the ratio of cross-linker mass to total monomer mass in the gel) 18 . As described in current limitations of scWB, partitioning of antibodies can have an impact on assay sensitivity, and this exclusion effect reduces the range of gel densities/pore sizes suitable for PAGE 28 .
Comparison with existing single-cell protein assays
Workhorse single-cell protein assays include immunocytochemistry (ICC), flow cytometry, mass cytometry, proximity ligation assays and antibody barcode assays ( 33 and mass cytometry 34 have throughputs of thousands of cells per second, substantial cell losses make measuring small starting populations (<1,000 cells) and rare cells difficult 34 .
Multiomics approaches for the study of interacting molecular components also benefit from single cell-resolution protein assays ( Table 1) 42, 43 . Both proximity ligation assays and ICC simultaneously detect protein and nucleic acid targets 41, 44, 45 . Mass cytometry simultaneously measures protein and cellular parameters such as live/dead 46 assays and cell cycle 47 . Finally, antibody barcode chips integrate genomics, metabolomics and targeted proteomic measurements for single cells 48, 49 .
Although powerful, existing single-cell assays for endogenous, unlabeled proteins rely solely on simple immunoassays (detection based on recognition of a target protein by antibody probes, Table 1 ). Immunoassays perform well only when a highly specific antibody probe for the protein target is available. When an antibody probe recognizes off-target proteins (nonspecific background binding), false signal and false localization can result 21 . In fact, recent studies suggest that nonspecific binding partially underpins irreproducible results (e.g., in 47 of 53 seminal findings in cancer biology 20 ). Furthermore, up to 25% of epigenetic marker antibodies bind nonspecifically 22 , thus hindering accurate quantification of target proteins. Consequently, advances in high-selectivity protein assays are important either for targets that lack a specific antibody (e.g., myriad protein isoforms 23 ) or when background (or an unexpected signal) confounds interpretation.
Advantages and applications of scWB
Adaptability is a hallmark of scWB. By optimizing device and assay parameters, scWB can accommodate a wide range of protein targets, as well as a range of cell lines and dissociated single cells from primary cell samples (Experimental design section). To adapt the target selectivity of scWB, PAGs of uniform pore size are suitable for protein targets spanning 44 to 270 kDa 18 . In a study of differentiation of neural stem cells, scWB performed using a uniform PAG identified off-target antibody binding of a phosphorylated ERK antibody (off-target: 100 kDa; ERK: 44 kDa) and a putative isoform of nestin (nestin β : 270 kDa; nestin α : 114 kDa). The two targets are indistinguishable using ICC 18 .
PAGs of gradient pore size are more suitable for protein targets that span a wide molecular mass range and include neighboring targets of similar mass 27, 50 . To investigate HER2-related signaling in breast cancer cells, we used a gradient PAG with scWB for targets spanning more than an order of magnitude in molecular mass (four targets from 25 to 289 kDa) 27 . To mitigate nonuniform in-gel immunoprobing observed in gradient gels, we developed Immunoaffinity alone Nucleic acid measurement 41, 44, 69 and flow cytometry 70 Flow cytometry~17 targets 32 10,000 minimum; ~20,000/s for FACS Immunoaffinity alone Cell sizing 71 and nucleic acid measurement 72 a gel de-cross-linking technique (Fig. 1) 27 . The de-cross-linked gel improves in-gel immunoprobing of small-molecular-mass proteins located in PAG regions with small pore sizes (ANTICIPATED RESULTS). The scWB assay can be adapted to measure multiple protein targets as one assay or as a component of a larger analytical workflow (i.e., concatenated to whole-cell imaging or fluorescenceactivated cell sorting (FACS)). Nine reprobing rounds allow one scWB assay to report tens of protein targets from each single cell 18 . After the PAGE separation stage, proteins are covalently bound to the benzophenone-containing PAG via UV-activated protein immobilization (Experimental design section). The robust covalent linkage facilitates serial chemical stripping and reprobing rounds for each gel, as well as long-term storage (~7 months) of the gel 19 . Taken together, these two attributes make iterative biological hypothesis testing on the same cell population possible, unlike one-shot single-cell protein measurements such as flow cytometry and mass cytometry.
The open design of the scWB device allows the assay to be appended to FACS and phenotypic imaging ( Table 1) . In one example, interfacing of scWB with a FACS nozzle allowed us to assay a subpopulation of 200 FACS-sorted cells 18 . In another example, intact human glioblastoma cells (U373 MG) were dosed with a chemotherapeutic (daunomycin) and monitored with whole-cell phenotypic imaging before scWB analysis of signaling proteins 19 . Apoptotic cells were identified via measurements of annexin V by fluorescence imaging and cleaved caspase-8 by scWB 19 . The two data sets-representing a phenotypic intact cell assay and an intracellular signaling assay-with P-glycoprotein quantification stratified cells into normal and drug-resistant subpopulations 19 . Correlation of intact cell phenotype with targeted proteomics signaling data could provide a more sophisticated taxonomy for describing rare cell responses in inherently heterogeneous populations, such as those found in tumors.
Current limitations of scWB
As with any protein assay-including conventional slab-gel western blots-the suitability of scWB is dictated by characteristics of the biological sample and protein targets. With that context in mind, here we restrict our discussion to limitations in throughput, analytical sensitivity and in-gel immunoprobing (the latter being specific to gradient microgels).
Although it is capable of handling small starting cell populations, the maximum throughput of scWB is ~10 3 cells per microdevice ( Table 1) . The throughput maximum is set by a trade-off between the total surface area of a standard microscope slide (75 × 25 mm) and the surface area needed for each single-cell assay (0.4 × 1 mm). Standard microscope slides are compatible with commercial microarray scanners. Although separation distances can be reduced below 1 mm, the peak capacity will concomitantly reduce.
Given a lower LOD of ~27,000 protein copies per cell 18 , scWB detects the top 50% of proteins (most abundant) in the mammalian proteome 18, 51 . The LOD of scWB is on par with that of conventional flow cytometry ( Table 1) . The estimated LOD is set by the detection modality (fluorescence microarray scanner, fluorophorelabeled secondary antibodies); nonspecific background signal; and diffusive protein loss during lysis and PAGE. To detect lowabundance proteins, inclusion of detection chemistries with highperformance sensitivity, reduction of nonspecific background signal and minimization of diffusive losses are a good starting point.
The use of in-gel immunoprobing presents unique constraints on the scWB assay. Analytical sensitivity and quantification are both affected by the local, in-gel antibody probe concentration. Of primary concern is size-exclusion-based thermodynamic partitioning 52, 53 , which lowers the local in-gel antibody concentration relative to the free solution concentration 18 . The degree of partitioning of macromolecules into porous hydrogels decreases exponentially with the polymer volume fraction 52 . Depending on the pore size of the gel and antibody binding affinity, partitioning can lower the immunoprobed protein signal below the LOD 27, 28 . In scWB, the GFP immunoprobing signal decreased by >10× when gel pore size was decreased from an 8%T PAG to a 12%T PAG 27 .
Although the dependence of immunoprobing efficacy on local gel properties is important when designing a uniformpore-size scWB assay, the in-gel immunoprobing limitation becomes critical when using a gradient in PAG pore size along the PAGE separation axis 27 . To mitigate nonuniform in-gel immunoprobing behavior in this latter case, we developed an acid-labile ketal cross-linker to toggle the gel of nonuniform pore size to a gel of more uniform pore size to reduce the spatial bias of immunoprobing ( Fig. 1) 27 (see PROCEDURE, Steps 51-55).
As an important caveat, de-cross-linking is not recommended for immunoprobing in gels of uniform pore size. As has been reported by others 54 and also observed by us, de-cross-linking of surface-constrained hydrogels of uniform pore size leads to swelling and PAG surface nonuniformities, which, in turn, lead to a nonuniform antibody background that confounds scWB signal interpretation. We have not observed gel deformation after de-cross-linking when applied to gradient microgels.
Experimental design
Optimizing single-cell isolation and settling. Maximizing the number of microwells with single-cell occupancies depends on the physical characteristics of both the cells and the microwells. We recommend that the diameter and depth of the microwells be 1.2-1.5 times larger than the approximate diameter of the cells in suspension, giving an aspect ratio of ~4:3 (depth:diameter; Fig. 1 ). Deeper microwells can hold more than one cell, and shallow microwells result in cells being dislodged during the PBS washing steps, a prime mechanism of cell loss (see PROCEDURE,
Step 37). The microwell diameter is controlled by the photomask features, whereas the depth of the microwells is controlled by the height of the SU-8 micropillar. We follow standard photolithography methods for SU-8 mold fabrication 18 . An example mask design file is provided to assist users who do not have computeraided design experience (Supplementary Fig. 1; Supplementary  Data 1) . Alternatively, the SU-8 mold can be purchased from fabrication foundries. We have provided details for SU-8 mold fabrication on a glass wafer in the PROCEDURE, Steps 1-15.
Optimization of in situ chemical lysis of cells seated in microwells. To minimize fluid handling in the time-sensitive scWB workflow, we use a dual-function buffer that is suitable for both cell lysis and protein PAGE. The dual-function buffer satisfies the requirements for whole-cell lysis (i.e., ionic detergents, high temperature) and electrophoresis (i.e., low conductivity, alkaline pH). The lysis/electrophoresis buffer includes detergents to disrupt the cell membrane (i.e., SDS, sodium deoxycholate and Triton X-100 buffered with Tris-glycine at pH 8.3) 18 . Reducing agents are omitted, as most intracellular proteins do not contain disulfide bonds 55 . For some protein targets (e.g., DNA-binding proteins), increasing the SDS concentration to 1% or adding urea can improve protein solubilization. A performance tradeoff exists: high SDS concentrations (>2%) may solubilize proteins effectively, yet increase the buffer conductivity, which reduces separation performance, owing to Joule heating of the fluid and enhanced protein diffusivity.
We have experimentally measured diffusion of EGFP into the convective region and out of the microwell and found a loss of 40.2 ± 3.6% protein during the lysis step (at 4 °C lysis) 18, 19 . To synchronize cell lysis across the microwell array, the lysis buffer should be poured rapidly (15-20 ml/s) over the array from a height of ~10 cm. Although protein loss increases approximately ninefold with higher temperature (50 °C lysis), separation performance is improved. For example, β-Tubulin (βTub; 50 kDa) and glyceraldehyde 3-phosphate dehydrogenase (GAPDH; 35 kDa) are unresolvable in a 10%T gel with 4 °C lysis, but they are nearly baseline-resolved with 50 °C lysis (ANTICIPATED RESULTS) 19 . Diffusion of solubilized protein from the microwell during lysis is reduced by using a glass lid 19 . Real-time imaging of membrane solubilization aids in the selection of lysis conditions when using a new cell line or protein target 19 (Fig. 2) . Thus, real-time imaging of cell lysis coupled with diffusion time-scale estimates yields a starting point for optimization. The goal of optimization is to time the lysis step to balance solubilizing and/or denaturing proteins (as is needed for high-performance separations) while retaining protein within each microwell (as is needed for high-performance detection sensitivity).
Optimization of protein separation by PAGE. To optimize PAGE separation performance, we tune the pore size of the molecular sieving PAG, the PAGE separation axis length and the applied electric potential. A uniform-pore-size gel is suitable when a small number of targets with sufficiently different molecular masses are of interest. A large-pore-size gel effectively sieves large proteins, whereas a small-pore-size gel separates smaller species (Fig. 3) . When adjusting parameters during single-cell PAGE development, we quantify the degree to which two neighboring proteins are separated by the nondimensional 'separation resolution' (R s ):
where ∆x is the peak-to-peak displacement and the peak width is 4σ (σ, standard deviation of a Gaussian fit to a protein peak; Figs. 1 and 3). When R s >1.5, two targets are baseline-resolved and thus detectable. Increasing the separation axis length (l x in Fig. 3 ) for a fixed gel and applied potential increases the peak-to-peak displacement between two targets, ∆x, by extending the PAGE duration. If the separation axis length is increased, two corollary considerations arise. First, increasing the length of the PAGE separation axis decreases the pitch of the microwell array and, in turn, decreases the number of microwells (and cells assayed) for a fixed device Figure 3 | Selection of suitable PAGE separation conditions. The largepore-size, uniform PAG can resolve protein pairs having a large molecular mass difference (4%T for proteins >100 kDa; 8%T for proteins ranging from 50 to 300 kDa) within a 1 mm separation lane (l x ). The small-pore-size uniform gel can resolve small-molecular-mass protein pairs (10%T for proteins ranging from 50 to 100 kDa; 12%T for proteins ranging from 20 to 50 kDa). The separation resolution (R s ) is determined by the distances between protein peaks (∆x) and protein band width (4σ). (b) By aligning a micropillar array on a glass SU-8 mold to the grayscale chrome mask, one can fabricate microwells in line with the periodic pore-gradient microgel array. In scWB, the proteins separate along the separation axis (l x ) with a large-to-small-pore-size gradient.
footprint (i.e., standard microscope slide). In a uniform-poresize gel having a 1-mm separation length, we have resolved molecular mass differences of 33% (ref. 19 ). Second, long-duration PAGE assays can lead to buffer temperature increases (via Joule heating), and thus can exacerbate diffusive protein losses during PAGE-protein losses adversely affect the LOD of scWB.
A pore-gradient microgel is suitable for a complex mixture of targets, some of which differ only slightly in electrophoretic mobility (because of similar molecular masses) 27 . Importantly, a pore-gradient microgel presents a spectrum of sieving conditions and can locally increase ∆x even for a heterogeneous sample with a large molecular mass range (Fig. 3) . Conventional slab-gel pore-gradient gels are fabricated by spatially patterning different polymer precursor solutions 56, 57 . In the scWB microdevice, we fabricate pore-gradient gels by spatially varying the polymerization kinetics of a single polymer precursor solution 27 . Grayscale photolithography is one approach to locally controlling polymerization kinetics, across a large area.
In a one-step process, we use an SU-8 glass mold and grayscale photopolymerization technique to create thousands of ~1-mmlong pore-gradient microgels on a microscope slide, with each separation lane precisely aligned with a microwell (Fig. 4) . Grayscale photopatterning uses a component stack consisting of a UV light source, a UV filter, a glass plate, a chrome mask with a pattern of nonuniform opacity, an SU-8 glass mold for microwell casting, a layer of gel precursor solution and a silanized glass microscope slide (PROCEDURE). Fundamentally, the photopolymerization kinetics and final gel pore size are sensitive to the UV dose at the gel precursor solution; thus, to ensure device-to-device reproducibility, we recommend using a fixed-thickness component stack, and carefully measuring and documenting the UV dose (through the glass plate and SU-8 glass mold) for each fabrication condition. A wide range of pore-gradient microgel profiles are possible, with the note that gels of exceptionally large pore size (<4%T) at the head of the separation axis can compromise the structural integrity of the microwell. Thus, the local PAG pore size can be modulated through acrylamide monomer and cross-linker precursor concentrations; grayscale chrome mask opacity and patterning; and starting UV dose. Important fabrication considerations and limitations of uniform, pore-gradient and pore-gradient de-crosslinking gels are detailed in Table 2 . The special cross-linker, N,N-((1-methylethylidene)bis(oxy-2,1-ethanediyl))diacrylamide (abbreviated as diacrylamide ketal, DK) used in the de-cross-linking gel was synthesized in a one-step reaction, and the procedure is described in the Supplementary Note (ref. 27 ).
An R s value exceeding 1.0 makes objective identification of protein peaks feasible. One way to increase ∆x between neighboring peaks-and thus to increase R s -is by increasing the strength of the applied electric field, E. The electric field for a one-dimensional conductor with homogeneous electrical conductivity and permittivity is E = φ /L, where φ is the voltage applied across the conductor and L is the length of the conductor. Thus, E can be increased by either increasing the applied voltage φ or reducing the distance L between the electrodes. The primary limitation in increasing E is Joule heating, which is resistive heating generated in the conductive buffer medium. Joule heating reduces separation performance through temperature-mediated increases in analyte diffusivity 58, 59 . The heat flux (Q) generated during PAGE for an electrophoresis chamber with a uniform cross section is where σ c is the conductivity of the buffer and H is the height of the buffer in the electrophoresis chamber 60 (Fig. 5) . To maximize E while minimizing Joule heating, the conductivity σ c and height H of the lysis/electrophoresis buffer should be minimized. Ideally, use the minimum lysis/electrophoresis buffer volume required to fully cover the PAG slide and complete the electrical circuit. We typically use a buffer height of ~0.5 cm, an applied electric potential of 200 V and an electrode spacing of 5 cm (see Supplementary  Fig. 2 and Supplementary Data 2 for the design of the electrophoresis chamber).
Optimization of photoactivated protein immobilization in the PAG layer. We suggest adding the BPMAC at a 3-mM final concentration to the PAG precursor solution and matching the illumination source to the BPMAC absorbance peak at 350-360 nm. Equilibration of the photocapture reaction requires ~45 s in the scWB PAG matrix using UV exposures of ~40 mW cm −2 (~1.8 J cm −2 ) 24 . A lower UV dose may require longer photocapture equilibration times, thus increasing protein loss from the gel. Notably, photocapture efficiency (fraction of analyte covalently bound to the PAG matrix) is affected by pH, protein state and molecular mass 24, 25 . Higher photocapture is observed for proteins at basic pH 25 , for proteins treated with SDS and for proteins of larger molecular mass (97.5 ± 0.7% for a 116-kDa protein versus 75.2 ± 0.8% for a 21-kDa protein) 24 .
Recommended positive and negative controls for scWB. Before embarking on a full-scale experiment, we recommend that users familiarize themselves with the whole apparatus by performing electrophoretic separations of purified proteins, as described in Box 1. Furthermore, to validate cell lysis and protein PAGE (i.e., the power supply is functional, the electrophoresis buffer formulation is correct and the gel fabrication is successful), we recommend running a positive control using a GFP-expressing cell line that is closely related to the cell type of interest and imaging the lysis and PAGE process, as shown in Figure 2 . When performing the full scWB assay, probing for housekeeping proteins (e.g., βTub and GAPDH) is a critical positive control that demonstrates cell lysis, protein PAGE, protein immobilization and subsequent immunoprobing functioned properly. In addition, to confirm putative protein peaks, ensure that R 2 is ≥ 0.7 for the Gaussian fit and signalto-noise ratio (SNR) is ≥ 3, as described in the PROCEDURE. If available, cell lines that do and do not express a target of interest can be used as a positive and negative control, respectively.
Box 1 | scWB training using a purified protein solution • tIMInG 40 min
Several key steps of the scWB assay (lysis, PAGE and UV immobilization) are completed in rapid succession (within 2 min). We suggest that users familiarize themselves with handling the system using a solution of fluorophore-labeled purified proteins before using a cell suspension. Using epifluorescence microscopy, the process of PAGE can be visualized in real time to improve implementation. In addition, practicing with a solution of purified proteins with molecular masses corresponding to the final protein will allow the user to rapidly optimize protein PAGE conditions (time, electric field and PAG pore size). We have used Alexa Fluor-488-labeled purified trypsin inhibitor and Alexa Fluor-555-labeled purified BSA in 7-10%T PAG 19 .
To perform scWB PAGE with purified proteins, follow
Step 27 of the PROCEDURE for PAG slide fabrication and then proceed to Steps 34-50 with the following modifications:
• Disregard the cell settling (Steps 28-33) and directly incubate a solution of 1 µM purified protein (in PBS) on the PAG layer for 30 min, using the process described in Steps 56-61. The protein solution will preferentially partition into the microwells both before and during the PAGE steps.
• Perform PAGE ~2-5 s immediately after introducing the cold lysis/electrophoresis buffer.
• After protein immobilization, wash the PAG slide in TBST for 30 min (Steps 47-50). The PAG slide should be dried and imaged using a microarray scanner or other fluorescence imaging modality (see Step 70: scWB PAG slide imaging, for the selection of an imaging system).
MaterIals

REAGENTS
Applicable cell line: the human U373 glioblastoma cell line (U373 MG) and U373-GFP cell line are used in this protocol. The U373-GFP cell line is comprised of U373 MG cells stably transduced with GFP by lentiviral infection (multiplicity of infection = 10). Both U373 MG and U373-GFP cell lines were kindly provided by S. Kumar's laboratory 19 . In this protocol, we show both successful and failed scWB experiments performed using U373 MG cells (ANTICIPATED RESULTS). We have also demonstrated that scWB can be successfully applied in other mouse (i.e., mouse neural stem cell 18 ) and human cell lines (i.e., breast cancer cell SKBR3 (ref. 27) , as well as clinical human breast cancer samples 27 ! cautIon The 'U373' human glioblastoma cell line used in this study is not the original U373 but a misidentified U251 human glioblastoma cell line. The 'U373' is genetically nondistinct from the U251 based on the criteria of the American Type Culture Collection (ATCC), the International Cell Line Authentication Committee and other references 61, 62 . We used the GFP protein in U373-GFP cells for system characterization only, without any biological interpretation (i.e., real-time in-well lysis (Fig. 2) and comparison of • • proceDure
10% (vol/vol) TEMED
Dissolve 10 µl of TEMED in 90 µl of ddHTris-HCl), 2 g of SDS (final concentration, 2% (wt/vol)) and 800 µl of β
Glass-su-8 fabrication (optional)
• tIMInG ~1 h per wafer ! cautIon The SU-8 photoresist, SU-8 developer, acetone and isopropyl alcohol are all toxic and flammable. Perform all the steps inside a chemical fume hood with the sash lowered and wear the proper personal protection equipment, including a fire-resistant lab coat and nitrile gloves. It is recommended that the fabrication be performed in a cleanroom to prevent contamination by dust particles.  crItIcal Here we detail the steps for fabricating ~30-µm-height SU-8 micropillars on top of a glass wafer using SU-8 2025, as used in previous publications 27, 63 . We recommend using SU-8 2025 for fabricating a 30-to 60-µm height. Additional details about SU-8 are available from the MicroChem website (http://www.microchem.com/pdf/SU-2000DataSheet2025thru2 075Ver4.pdf), including a standard procedure for Si-SU-8 fabrication, which should be used instead of Steps 1-15 if scWB is to be performed using uniform microgels.
1|
Dehydrate a 3-inch glass wafer by placing it on a 110 °C hot plate for a minimum of 10 min. Once it is dehydrated, transfer the 3-inch glass wafer to the chuck center of the spin coater. Apply a vacuum and verify that the wafer is strongly adhered to the chuck.  crItIcal step A clean glass wafer is extremely important for subsequent uniform SU-8 coating. The wafer can be cleaned by rinsing it with acetone, followed by isopropyl alcohol. The wafer should be fully dehydrated before coating. 5| Soft-bake the wafer on a 110 °C hot plate for 3 min. Allow the wafer to cool to room temperature before proceeding to Step 6.
6|
Place the wafer on the mask aligner and expose it at 360 nm for 250 mJ cm −2 . No photolithography mask is applied in this step, as the purpose is to create a uniform SU-8 base layer.  crItIcal step The exact UV exposure power and time is instrument-dependent. The UV exposure dose recommended here follows the MicroChem guidelines.
7|
Bake the wafer on a 110 °C hot plate for 5 min. Allow the wafer to cool to room temperature before proceeding to Step 8.
8|
Place the wafer on the chuck center of the spin coater and make sure that the wafer adheres by applying a vacuum. 10| Soft-bake the wafer on a 65 °C hot plate for 6 min. Allow the wafer to cool to room temperature before proceeding to
9|
Step 11.
11|
Place the wafer on the mask aligner and expose it at 365 nm for 250 mJ cm −2 through the desired mask.  crItIcal step For the U373 glioblastoma cell line used to generate the data in the ANTICIPATED RESULTS, we designed the photolithography mask to have microwells with a 30-µm diameter. An example mask design file is provided to assist users who do not have computer-aided design experience ( Fig. 5a; supplementary Fig. 1 ; supplementary Data 1).
12|
Place the wafer on a 65 °C hot plate for 3 min. Ramp the hot plate up to 90 °C and hold that temperature for 7 min. Afterward, allow the wafer to cool to room temperature before proceeding to Step 13.
13|
Prepare a SU-8 developer bath for development and place it on a rotator. Submerge the wafer with the SU-8 side facing up. Gently swirl the SU-8 developer bath for 2-2.5 min.  crItIcal step Over-and underdeveloping the SU-8 will lead to deformed micropillars. To check whether the development is complete, remove the wafer from the SU-8 developer bath and spray it with isopropyl alcohol. If a white film appears during the isopropyl alcohol rinse, additional development time is required. Perform development in 20-s increments. For fine SU-8 features, we recommend using the spray bottle to spray the SU-8 developer on the wafer for an extra 30 s.
14| After development, rinse the wafer with water and dry it with a nitrogen gun.
15|
Place the wafer on a 110 °C hot plate to hard-bake for 10-15 min. Allow the wafer to slowly cool to room temperature.  crItIcal step Performing the hard-bake step will increase wafer durability. Ensure that the wafer is cooled down slowly; otherwise, the wafer may crack due to the thermal stress.
Batch silanization of glass slides • tIMInG 40-50 min per batch ! cautIon The 3-(trimethoxysilyl)propyl methacrylate, methanol and acetic acid are all flammable, and methanol is toxic. Perform Steps 19-24 inside a chemical fume hood with a lowered sash and while wearing proper personal protection equipment, including a fire-resistant lab coat and nitrile gloves. 16| Score the corner of the glass microscope slides (75 × 25 mm) with a diamond-tipped pen. The mark will reference the methacrylate-functionalized glass side (silanized slide), which is facing down when the score is positioned in the upper right corner of the slide.
17|
Arrange the marked microscope slides in a removable slide rack (i.e., 30-slot rack) and place the slide rack in a glass slide staining dish. Two glass slides can be placed back to back in a single slot. In this configuration, ensure that the side to be silanized is in contact with the silane solution.
18|
Prepare the silane solution and degas it for 30 min.
19|
Pour the degassed silane solution into the glass slide staining dish. Ensure that the silane solution fully covers all the slides.
20|
Tap the glass slide staining dish to remove all the bubbles trapped in between the slides. Let the silanization reaction proceed for 30 min.
21|
Remove the slide rack and place it in a glass slide staining dish containing methanol. Hold the handle of the slide rack and gently shake it (with the glass slides submerged in methanol) to remove any residual silane solution.
22|
Repeat the washing step in Step 21 with fresh methanol.
23|
Remove the slide rack from the methanol solution and place it in a container containing fresh ddH 2 O. Hold the handle of the slide rack and gently shake it (with the glass slides submerged in ddH 2 O) to remove methanol.
24|
Repeat Steps 22 and 23 two more times in the same methanol and ddH 2 O containers.
25|
Place the slides in a container with fresh ddH 2 O. One at a time, remove the slides from the ddH 2 O and quickly dry them with a nitrogen gun.
26|
Store the silanized slides in a standard slide storage box. The silane solution can be reused to coat a total of three batches of glass slides.  pause poInt The silanized slides can be stored at room temperature for up to 2 months.
scWB paG slide fabrication • tIMInG 20-30 min per slide 27| Based on the required PAGE separation conditions (Fig. 3) , the user should prepare either uniform (option A) or pore-gradient (option B) PAG slides. (ii) Make the gel precursor solution and degas it with a bath sonicator and vacuum line to eliminate bubbles (Fig. 6a) .
(iii) Add detergents (SDS and Triton X-100) and initiators (APS and TEMED) to the gel precursor solution and mix it well without forming bubbles. Pipette a 250-µl droplet near one of the short edges of the SU-8 mold (Fig. 6b) . (iv) Hold a silanized slide with the silanized side facing down. Lower one of the short edges until the silanized slide is in contact with the SU-8 mold and the precursor droplet. The slide should be at an ~30° angle. Slowly lower the slide until the silanized slide is flat against the SU-8 mold (Fig. 6c) . (v) After loading, press gently on the slide to squeeze excess precursor from the gap and to ensure that the micropillars on the SU-8 mold are in contact with the slide (Fig. 6d) . Depending on the amount of the initiator added, the chemical polymerization process can be completed in ~15 min.
? trouBlesHootInG (vi) After chemical polymerization of the PAG, add 1-2 ml of PBS to rehydrate the edge of the slide and facilitate release of the slide from the SU-8 mold (Fig. 6e) . (vii) Gently slide a razor blade underneath the slide, and lift the blade straight up to detach the PAG slide from the SU-8 mold (Fig. 6f) . ! cautIon The gel precursor solution, containing acrylamide, APS and TEMED, is acutely toxic following oral or inhalation exposure, and is a skin irritant. The acrylamide is also neurotoxic. The SU-8 mold needs to be rinsed in running ddH 2 O after each use to remove any residual precursor solution.
? trouBlesHootInG (viii) Check the PAG slide under a bright-field microscope to ensure the integrity of the microwells (Fig. 6g,h) .
? trouBlesHootInG (ix) Place the PAG slide in a rectangular four-well slide plate filled with PBS before use. The side of the slide with the PAG layer should face up.  pause poInt The PAG slides can be stored in PBS at 4 °C for up to a week before use. (Fig. 7b) .
After rough alignment, use the microscope to verify the alignment and adjust as necessary. Confirm on both the left and right sides of the array that the micropillars are similarly aligned to the grayscale mask (as demonstrated in Fig. 7c) .  crItIcal step Misalignment of the SU-8 micropillars and the grayscale mask opacity gradient will result in fabrication of PAG separation lanes that each have a different pore-gradient microgel relative to each respective microwell, thus resulting in unwanted protein mobility variation among the different PAGE separation lanes (Fig. 7d) . (viii) Carefully move the entire assembly onto the UV system. If the mold slips with respect to the mask, repeat the previous alignment step (Step 27B(vii)). (ix) Apply UV light to photopolymerize the pore-gradient microgel. From the UV light source, the component stack should be arranged in the following order: UV filter, glass plate, chrome mask, SU-8 glass mold, gel precursor solution and silanized slide.  crItIcal step Optimization of the UV exposure conditions will be required for each new condition. UV exposures that are of insufficient duration or intensity will result in under-photopolymerization of the pore-gradient microgel. Underpolymerized gels will lead to deformation of the microwell and poor cell settling in the deformed microwells (Fig. 7e) . Over-photopolymerization of the pore-gradient microgel will create a small pore size at the head of the microgel, thus resulting in incomplete electrophoretic injection of protein into the PAG. (Fig. 7e,f) .
? trouBlesHootInG (xiii) Place the pore-gradient PAG slide in a rectangular four-well slide plate with the gel side facing up. If the pore-gradient microgel contains DK cross-linker (DK PAG slide), fill the plates with the 1× Tris-CAPS buffer solution.
Exchange the Tris-CAPS buffer with PBS before proceeding to cell settling (Steps 28-33).
 pause poInt The gradient PAG slides can be stored in buffer at 4 °C for up to a week before use. scWB of pore-gradient PAG slides is performed using the same procedures (Steps 28-50) as for uniform PAG slides.
settling of cells into microwells • tIMInG 30-60 min
 crItIcal When working with mammalian cells, Steps 28-33 should be performed in a biohazard cabinet in an enclosed laboratory facility. All work with cell lines should comply with institutional and governmental biosafety regulations. 28| Use an ~80% confluent monolayer of cells in a T75 flask. With respect to U373 glioblastoma cells, an 80% confluent T75 flask corresponds to ~2 × 10 6 cells. As a total of 2 × 10 5 cells gives adequate settling per PAG slide, one T75 flask is sufficient to perform ten different scWB experiments. A full microscope slide (75 mm x 25 mm) is used as a standard here; however, a half slide (37.5 × 25 mm) can also be used for rapid prototyping. A half slide can be made by using a diamond scribe to score a silanized slide and a slide breaker to break the slide in half either before or after PAG polymerization.
29|
Harvest the cells from the flask using a general tissue culture procedure. Pellet the cells by centrifugation and resuspend the cells in ice-cold PBS with a concentration of ~1 × 10 6 cells per ml.
30|
If applicable, stain the cells for cell imaging using standard methods 19 -e.g., nucleus staining (Hoechst 33342) or apoptotic cell staining (Alexa Fluor-647-conjugated annexin V).
31|
Filter the cell suspension through a cell strainer with a 35-µm PET filter cap to create a single-cell suspension.  crItIcal step Obtaining a single-cell suspension is important for settling cells at one cell per microwell occupancies, as aggregated cells are excluded from the microwells during settling (Fig. 8a) . If cell clumping or aggregation is observed, filter the cell suspension through the cell strainer. The selection of the filter cap is cell-size dependent.
32|
Remove the PAG slides (from Step 27A or B) from PBS. With a task wipe, dry the glass side of the PAG slide. Place the slide in a Petri dish with the PAG side up.
33|
Pipette 200 µl of filtered cell suspension (containing ~2 × 10 5 cells) and gently disperse the cell suspension on top of a PAG slide. Periodically, check the cell settling efficiency using bright-field microscopy (Fig. 8b) . The cell settling efficiency (microwell occupancy) is defined in Box 2. Gently tap the Petri dish to agitate the cell suspension. The 10 min of settling is sufficient for most cell lines tested. Place the Petri dish with cells on ice to maintain cell viability.  crItIcal step Continue directly to the 'Single-cell PAGE and photoblotting' procedure (Steps 34-50). Some protein expression and/or post-translational modifications may be altered over time 64, 65 .
? trouBlesHootInG single-cell paGe and photoblotting • tIMInG 5-10 min per slide ! cautIon Appropriate precautions should be taken to protect users from UV exposure. 34| Turn on the UV illumination system in advance to stabilize the UV light bulb. Set the power to a UV dose sufficient for subsequent protein photocapture to the PAG (Experimental design section). 35| Transfer 10-15 ml of lysis/ electrophoresis buffer to a 15-ml conical tube and preheat it in a 50-55 °C water bath.
36|
After confirming sufficient cell settling under a bright-field microscope (Step 33), remove excess cell suspension by tilting the PAG slide at a 45° angle.
37|
Gently apply a steady stream of 1 ml of PBS by pipetting to the higher edge of the tilted PAG slide to gently wash excess cells off the surface of the PAG slide (Fig. 8c) .
38|
Verify by visual inspection with a light microscope that the majority of cells on the surface have been removed (Fig. 8b) . Repeat the rinsing process (Step 37) if excess cells are observed on the gel surface.  crItIcal step Do not tilt the scWB slide to more than 90°, flush the PBS solution rigorously or flush the PBS solution down the middle of the PAG slide, as these handling processes may remove settled cells from the microwells.
? trouBlesHootInG 39| Apply a 1-cm-diameter spot of petroleum jelly to the bottom of the scWB electrophoresis chamber to temporarily adhere the PAG slide to the chamber.
40|
Place the PAG slide in the scWB electrophoresis chamber with the PAG layer facing up.
41| If applicable, perform whole-cell imaging (Box 2).
42| Connect the electrophoresis chamber to the high-voltage power supply.
43|
Set up the electrophoresis power supply to provide a constant voltage. The suggested E is 40 V cm −1 .
44| Pour 50 °C preheated lysis/electrophoresis buffer rapidly over the PAG slide to fill the electrophoresis chamber. Immediately upon pouring, start timing the lysis duration.  crItIcal step The lysis/electrophoresis buffer should be applied quickly so that cells lyse simultaneously. Abrupt pouring of the lysis/electrophoresis buffer from >15 cm above the electrophoresis chamber in a fully vertical orientation may dislodge cells and wash out the protein lysate. We suggest pouring the lysis/electrophoresis buffer from the short side of the electrophoresis chamber at a ~30° tilt to minimize the number of dislodged cells 19 .
45|
At 25 s of lysis duration, apply the electric field to initiate PAGE. For separating GAPDH and βTub in a 10%T, 2.7%C PAG, a 30-s electrophoresis duration is a good starting point. ! cautIon The high-voltage power supply can be the source of a lethal electrical current. Please consult the instruction manual before use and use proper safety precautions. Confirm that the power supply is properly and safely connected to the electrophoresis chamber.
46|
Immediately at PAGE completion, apply UV light (350-360 nm, ~1.8 J cm −2 ) 18 to immobilize the separated proteins in the PAG. ! cautIon Use proper UV protection, such as UV-blocking goggles and UV-blocking face shields to protect the user and surrounding personnel from UV illumination. ! cautIon Confirm that the electric field is turned off immediately after electrophoresis and before handling the electrophoresis chamber.  crItIcal step Apply UV to immobilize the proteins immediately after PAGE; otherwise, the proteins will rapidly diffuse out of the PAG and adversely affect LOD.
47|
After protein immobilization, carefully remove the PAG slide from the electrophoresis chamber using tweezers.
48|
Using a task wipe, wipe off the petroleum jelly from the glass side of the PAG slide. 
50|
Place the plate on the rotator for at least 30 min to remove residual lysis/electrophoresis buffer, as residual SDS will affect antibody and antigen binding during the subsequent in-gel immunoprobing process (Steps 56-69).  pause poInt The PAG slide can be stored in 1× TBST at 4 °C for short-term storage (~1 week). For long-term storage (>1 week), rinse the PAG slide three times with ddH 2 O to remove salts retained on the PAG slide, gently blow-dry by nitrogen gun and store the slide in a slide mailer at room temperature protected from light.
De-cross-linking of DK paG slides • tIMInG 30 min ! cautIon A 1% (vol/vol) HCl, pH 1.1, solution is used here to de-cross-link the DK PAG slide. Always handle the solution in a secondary container inside the fume hood while using personal protective equipment.  crItIcal Perform Steps 51-55 only if you are using DK PAG slides. For uniform or pore-gradient PAG slides fabricated using methylene bisacrylamide and no DK, proceed directly to in-gel immunoprobing (Steps 56-69). 51| Place the DK PAG slides into a glass container with 1% (vol/vol) HCl.
52|
Incubate the DK PAG slides for 30 min to complete the de-cross-linking reaction 27 .  crItIcal step Performing the de-cross-linking reaction for <10 min may result in partially de-cross-linked DK gels, resulting in spatially nonuniform immunoprobing.
53|
Carefully remove and place the DK PAG slides into a Petri dish filled with ddH 2 O. Gently rinse three to four times.
54|
Carefully remove and place the DK PAG slides into a rectangular four-well slide plate filled with TBST buffer.
55|
Place the plate on the rotator for at least 30 min for buffer equilibration before performing in-gel immunoprobing (Steps 56-69).  pause poInt The DK PAG slides can be stored in 1× TBST at 4 °C for short-term storage (~1 week). For long-term storage (>1 week), rinse the DK PAG slides three times with ddH 2 O to remove salts, gently blow-dry with a nitrogen gun and store each DK PAG slide in a slide mailer at room temperature protected from light.
In-gel immunoprobing
• tIMInG 4-6 h 56| Prepare 100 µl of primary antibody immunoprobing solution by diluting stock solution of primary antibodies in 2% (wt/vol) BSA/TBST solution. 1-5 µg of primary antibody per slide is a recommended starting mass, although each assay must be optimized. Place the prepared primary antibody solution on ice before use. The identity of primary and secondary antibodies used in our reported scWB studies are listed in supplementary table 1.
57|
To perform immunoprobing on a single PAG slide, place two pieces of tape slightly shorter than the width of the PAG slide onto a clean surface, such as a plain 50 × 75 mm glass slide. The tape pieces will act as spacers to hold the scWB slide slightly off the glass surface, creating a gap in which the Ab solution will wick in via capillary action. It is noted that two PAG slides can be immunoprobed simultaneously with the gel sides facing each other.
58|
Remove the PAG slide from the TBST and remove excess TBST by tilting the slide and wiping the glass side of the PAG slide with a task wipe. Do not touch the gel side of the PAG slide, as damage to the PAG may result.
59|
Place the PAG slide onto the tape with the gel side facing down (Fig. 9a) .
Box 2 | Whole-cell imaging in microwells • tIMInG variable
After cell settling, we recommend imaging the intact cells to count the number of cells in each microwell (occupancy). To perform whole-cell imaging in the microwells, place the PAG slide onto a microscope stage adaptor with the gel layer facing up. Pipette ~1 ml of PBS onto the PAG layer to keep the cells hydrated during the image acquisition. An automated, motorized stage with commercial software to stitch individual images into a composite image of an entire microscope slide (e.g., MetaMorph SlideScan or Zeiss ZEN Tiles features) should be used. A 4× objective is sufficient to determine cell microwell occupancy (i.e., one, two or more cells in a single microwell). The total time required for imaging is dependent on the magnification, imaging area and speed of the motorized stage. The cell settling efficiency (microwell occupancy) is defined as the number of cell-occupied microwells normalized to total microwells in a scWB PAG slide. Besides cell counting, whole-cell imaging with a specific cell stain (i.e., live or apoptotic cell staining) can provide the correlation of phenotypic traits with proteomic readouts from subsequent scWB of cell lysate 19 . After imaging, remove excess PBS by tilting the PAG slide, and then place the PAG slide into the electrophoretic chamber and continue to 'Single-cell PAGE and photoblotting' (Steps 41-50). 
60|
Inject prepared primary antibody solution by pipetting into the air-filled gap between the PAG slide and the glass (Fig. 9b) .
61|
Gently move both sides of the tape off the glass to deliver a uniform antibody solution (Fig. 9c-e) .  crItIcal step Do not create bubbles in the gap, which will result in local antibody depletion and increased immunoprobing variance.
62|
Incubate the primary antibody at room temperature for 1-2 h. This time interval is a general recommendation, with the exact duration determined by optimization.
63|
Gently remove the PAG slides and place them in a rectangular four-well slide plate filled with TBST buffer.
64|
Place the rectangular four-well slide plate on a rotator for a 10-to 30-min wash cycle. This time interval is a general recommendation, with the exact duration determined by optimization.
65|
Repeat the washing steps (Steps 63-64) twice more using fresh TBST.
66|
Prepare 100 µl of secondary antibody immunoprobing solution per pair of slides by diluting the stock solution of the secondary antibody in 2% (wt/vol) BSA/TBST solution. 1-5 µg of secondary antibody is the recommended starting mass, although each assay must be optimized. Place the prepared secondary antibody solution on ice before use.
67|
Repeat Steps 57-62 to prepare the slides for secondary antibody probing. Incubate the slides at room temperature for 1 h.  crItIcal step Fluorophore-conjugated secondary antibodies are used, so cover the slides with aluminum foil to shield them from light exposure.
68|
Perform TBST washing, as described in Steps 63-65.
69|
Remove TBST and rinse the PAG slides with ddH 2 O three times to remove salts contained on the PAG slides. Gently blow-dry the slides with a nitrogen gun. The PAG slides are ready for imaging.
? trouBlesHootInG  pause poInt The PAG slides can be stored dehydrated in a slide mailer at room temperature, protected from light, for more than 4 months with negligible probing signal reduction 19 .
scWB paG slide imaging • tIMInG varies with imaging apparatus 70| After incubation of the scWB PAG slide with primary and fluorescently labeled secondary antibodies, quantify proteins by fluorescence imaging. The scWB PAG slide can be imaged with a fluorescence imaging system such as a fluorescence microarray scanner or inverted epifluorescence microscope. The imaging system should have an ~5 µm/pixel spatial resolution; compatibility with a standard microscope slide and an adjustable z axis (depth) focus; a robust image stitching algorithm, as stitching artifacts will affect quantification; and a LOD down to ~0.5 nM for Alexa-Fluor-labeled secondary antibodies (27,000 molecules in a 50-µm-diameter spot in a 40-µm-thick gel), thus suitable for detection of ~50% of the mammalian proteome 18 . Representative imaging data are shown in the ANTICIPATED RESULTS. 72| Fill the slide mailer with harsh stripping buffer. Tightly close the slide mailer cap. ! cautIon β-Mercaptoethanol is acutely toxic following oral, inhalation or dermal exposure. Always handle the solution in a fume hood while using personal protective equipment. Seal the slide mailer to prevent solution leakage during the stripping process.
73|
Place the slide mailer in a 55 °C water bath for at least 30 min. Ensure that the level of the water bath is higher than that of the harsh stripping buffer inside the slide mailer in order to achieve uniform stripping.
? trouBlesHootInG
74|
Remove the slide mailer from the water bath. Pour the harsh stripping buffer into a labeled waste container. ! cautIon β-Mercaptoethanol is toxic with chronic exposure and is also acutely toxic to aquatic life. Please consult your institutional safety guidelines for the appropriate disposal method.
75|
Rinse the PAG slides at least three times with ddH 2 O.  crItIcal step Image the PAG slides after stripping to ensure thorough removal of the antibodies (i.e., undetectable protein signal or SNR <3).
76|
If intending to perform another round of immunoprobing, place the PAG slides in a rectangular four-well slide plate with TBST on the shaker for at least 30 min to reconstitute the proteins before repeating Steps 56-69. Otherwise, gently blow-dry the slides with a nitrogen gun and store them in a slide mailer at room temperature, shielded from light exposure. Slides can be probed up to nine times 18 .  pause poInt The PAG slides can be stored dehydrated for more than 7 months for future reprobing rounds 19 . scWB image analysis (optional) • tIMInG ~1 h per slide with multiple protein targets  crItIcal Here we describe an algorithm for analyzing the scWB data with an automated analysis script. The scWB data can also be analyzed one separation at a time using ImageJ or custom code using MATLAB, R scripts or other analysis platforms. 77| Open raw scWB image files. Start with the raw images (Fig. 10a) . Images should be full resolution and bit depth to ensure accurate quantification. The image produced from the microarray scanner used in this protocol is an ~ 80 Mb TIFF file with an ~25 × 75 mm image (5,000 × 15,000 pixels, with 5 µm per pixel).
78| Align the image. Using the microwells as fiducial markers, align all images of a single slide (i.e., all slide scans). Use an 'affine transform' to map all images to a reference. Image alignment is commonly performed with MATLAB (Image Processing Toolbox) or ImageJ (Landmark Correspondences).
79| Define array boundaries. scWB is an array format, so the boundaries are the topmost and bottommost, as well as the furthest left and furthest right microwells (Fig. 10b) .
80| Create regions of interest (ROIs).
Inter-microwell spacing is uniform across the scWB array. Therefore, the array can be segmented into ROIs of identical size, where each ROI corresponds to one single-cell protein separation.
81| Perform background subtraction. To quantify proteins in the scWB array, we recommend local background subtraction based on the protein intensity profile within each ROI. The background subtraction can be performed by either subtracting the average background intensity for the entire ROI (averaged subtraction) or by subtracting the intensity in the background signal at each pixel along the separation axis (axial subtraction). For scWB separations with pore-gradient microgels, we recommend axial background subtraction, owing to the different background signal along the separation axis 27 . (Fig. 10c) . While optional, we recommend creating an ROI mask to identify microwells containing cells. Eliminating from further analysis all microwells that do not contain cells saves subsequent analysis time and aids analysis of weak or absent protein target signals (e.g., positive GAPDH, but negative HER2 signal in MCF-7 cells). (Fig. 10d) . During protein PAGE, the protein diffuses as it migrates through the sieving matrix. Protein peaks are typically Gaussian distributions along the separation axis 66 . For each ROI, fit a Gaussian distribution to the intensity profile along the separation axis. The protein peak center, peak height, peak width (4σ) and area under curve (AUC) can now be extracted from the Gaussian fitting. The protein expression is measured from the AUC within 4σ. The R s between two target proteins is calculated as described earlier (Experimental design section).
82| Manually select ROIs with housekeeping proteins (optional)
83| Perform Gaussian fitting
84|
Perform quality control (Fig. 10e) . After fitting, verify the results by viewing images selected from the best fits (e.g., R 2 ≥ 0.7, SNR ≥ 3).
85|
Plot data (Fig. 10f) . Plot single-cell-level protein data in histograms to show protein distributions; in box plots to compare the expression of two targets or different experimental conditions; and in scatter plots to view correlation between two targets. Further statistical analyses can be used based on a user's needs and specific questions.
? trouBlesHootInG Troubleshooting advice can be found in table 3. (Fig. 6h) The glass slide moves during polymerization
Ensure that no component moves during polymerization
The PAG slide moves during detachment from the SU-8 mold
Hold the SU-8 mold in place while peeling up the gel 27B(xii) Shallow microwells ( Fig. 7e) Low UV dose Increase the UV exposure time, UV intensity or the concentration of the gel precursor solution
Deformed microwells
The SU-8 micropillars are misaligned to the grayscale gradient period (Fig. 7d) Confirm that the SU-8 micropillars are aligned to the grayscale gradient using bright-field microscopy
The SU-8 micropillars are aligned to the edge of the grayscale gradient
Confirm that the SU-8 micropillars are aligned 20-50 µm from the edge of the grayscale gradient (Fig. 7c 
Single-cell western blotting
The overall utility of scWB derives from a capacity for direct protein measurement in single cells, with a selectivity that exceeds that of immunoassays. As demonstrated here (Fig. 11) , single-cell PAGE and UV-activated protein immobilization are completed within 10 min and resolve two housekeeping proteins, GAPDH and βTub, from single U373 glioblastoma cells in a 10%T PAG within a 1-mm separation distance. Two assay stages-cell lysis and protein PAGE-are critical to the success of the scWB assay. First, optimized cell lysis conditions are essential for efficient protein solubilization and minimal protein loss. Hot lysis buffer (50 °C) helps dissociate the native tetramer forms of GAPDH (mobility = 0.27 ± 0.14 × 10 −5 cm 2 V −1 s −1 ) into monomer GAPDH (mobility = 6.11 ± 0.27 × 10 −5 cm 2 V −1 s −1 ; Fig. 11a) . Second, the PAGE condition must be optimized for the protein targets of interest. Using GAPDH and βTub as a model system, we perform PAGE on a 10%T uniform PAG and achieve an R s = 0.5 ± 0.09 at 30-s electrophoresis time (E = 40 V cm −1 ) or R s = 0.95 ± 0.06 at 34-s electrophoresis time (Fig. 11b) . Each application may require different gel pore sizes, electrophoresis times and gel architecture to achieve optimal separation performance. Selection of an appropriate starting point for the PAGE conditions and optimization should follow instructions in the Experimental design and TROUBLESHOOTING sections of this protocol. By following the recommended positive and negative controls for scWB and verifying proper microwell fabrication (Figs. 6 and 7) and experimental conditions (Figs. 11 and 12) , the user can optimize this protocol to the device and assay conditions that are most suitable for their own experimental inquiry.
pore-gradient microgel and immunoprobing
The scWB is especially useful in target multiplexing, as a pore-gradient microgel can simultaneously resolve protein pairs with similar electrophoretic mobility even when protein targets span a wide molecular mass range. Figure 12 illustrates a pore-gradient PAGE analysis of three targets (mTOR, GAPDH and GFP) that completes in a 1-mm separation length; however, in the uniform gel, the GFP electro-migrates beyond the 1-mm separation lane and locates at the second microwell, resulting in protein loss from diffusion out of the microwell and nonquantifiable data. During immunoprobing of proteins photo-immobilized in the pore-gradient microgel, we observe low immunoprobing efficiency at the small-pore-size region of the PAGE separation axis. Thus, only mTOR, which locates at the large-pore-size region of the PAG, yields detectable immunoprobed signal, whereas GAPDH and GFP are undetectable. Spatially nonuniform introduction of antibody probe into the pore-gradient microgel is mitigated by de-cross-linking of the pore-gradient microgel before immunoprobing (Fig. 12 , right panel; see PROCEDURE Steps 51-55).
On balance, scWB is an adaptable protein assay that is suitable for assessing cell-to-cell variation in protein-mediated cell functions for a range of protein targets. Distinct from other single-cell protein assays, the single-cell protein PAGE step confers a selectivity that is enhanced over immunoassays alone, thus opening new means to identify important proteins and protein isoforms. Importantly, our assay and device is designed for adoption and adaptation by a broad range of users seeking new tools to address both fundamental and applied questions in protein signaling at the single-cell level. The uniform PAG resolves mTOR (red, 289 kDa), GAPDH (magenta, 37 kDa) and GFP (blue, 27 kDa) (top). However, the GFP protein overruns the 1-mm separation lane. A comparable pore-gradient microgel resolves all three proteins in the 1-mm separation lane (bottom). The GAPDH and GFP proteins are undetectabe by immunoprobing in the pore-gradient microgel without prior gel de-cross-linking using an HCl solution. Lysis duration for U373-GFP cells = 25 s; PAGE at E = 40 V cm −1 is 15 s for both uniform PAG (7%T, 2.7%C) and pore-gradient PAG (12%T precursor with 99% DK cross-linker). The grayscale chrome mask contained a 200-µm uniform 70% grayscale region contiguous to an 800-µm region housing a 70-1% grayscale gradient. The pore-gradient DK PAG slides are de-cross-linked with pH 1.1 HCl and rinsed with 1× TBST before immunoprobing.
Note: Any Supplementary Information and Source Data files are available in the online version of the paper.
